The development of seed in Phalari8 tubero8a has been followed both in intact culms and in culms detached from the plant and placed in water. This development occupied a period of approximately 30 days. During this time labelling experiments with 14C02 indicated that only those assimilates produced from photosynthesis in the inflorescence and in the upper part of the stem were utilized in the developing seed. These experiments also indicated that the culm can be virtually autonomous with respect to the supply of assimilate and nutrients to the developing seed.
INTRODUCTION
Widespread interest in the commercial production of perennial grass seed has indicated the need for a better understanding of the physiology of seed development in pasture grasses. Although the agronomic aspects of seed production have been well documented (Whyte, Moir, and Cooper 1959) , little is known of the development and requirements of the seed from fertilization to maturity, or of the effect of various cultural practices. This is of particular interest in genera such as Phalaris, Panicum, and Setaria where cutting of culms before the seed is mature is often practised to avoid the loss of mature seed from shattering.
The ability of grass culms to survive for an extended period after cutting, when maintained in water, has been utilized in breeding programmes. Usually this technique is used to provide a pollen source for controlled crosses, but Keller (1943) found that inflorescences detached at anthesis would also set seed, although the quantity and the weight of the seed was much reduced.
Although little work has been devoted to seed development in pasture grasses, useful comparisons can be made with the numerous studies relating to grain development in cereals. A few that may be noted are the detailed defoliation and shading experiments by Boonstra (1937) with wheat, the direct measurement of gas exchange in the ear of barley by Porter, Pal, and Martin (1950) , and the use of radioactively labelled assimilates for direct distribution studies in wheat by Shen, Shen, and Yin (1959) . Many similar experiments have been carried out by other workers, and most of these indicate the important contribution to seed yield of photosynthesis within the inflorescence, as well as the uppermost leaves and stem.
The experiments reported here describe the general pattern of seed development in Phalaris tuberosa. Development has been followed in both attached culms and in culms detached from the plant and placed in water to confirm reported differences found in seed set and seed weight, and to relate this to the assimilation and movement of labelled carbon in various parts of the stem and inflorescence.
II. MATERIALS AND METHODS

(a) Plant Material
Material used in this study was obtained from plants of the commercial strain of Phalaris tuberosa L. With the exception of one assimilation experiment, which was carried out on potted plants, all other material was obtained from spaced plants grown under irrigation in the field.
Culms produced on well-grown spaced plants in the field were approximately 80-90 cm in length, and consisted of four internodes with a single leaf developed at each node. The uppermost leaf (flag leaf) at the highest node was usually smaller than those below, while the internodes increased in length from the base to the inflorescence.
The inflorescence, which is a dense panicle composed of a large number of spikelets each containing a single fertile floret, averaged 10-12 cm in length.
For each experiment, equal numbers of uniform inflorescences were selected on 10 large, well-grown plants.
A culm was allotted to each treatment from each plant, giving 10 replicates per treatment. This was done to reduce variability and to minimize the effects of genetic differences between plants. The same principle was applied in the assimilation experiments, except that fewer plants were used.
(b) Detached Culms
Unless stated otherwise, all culms were detached when anthesis commenced at the apex of the inflorescence. The culms were cut to approximately the same length, so as to include at least three entire internodes. Immediately after detaching, the bases of the culms were recut under water, and transferred to silvered flasks containing 3-4 in. of water. The flasks were plugged with cotton-wool and placed in full sunlight close to a source of Phalaris tuberosa pollen to ensure complete pollination. The detached culms were protected from high wind and rain and also from extremes of temperature. The water in the flasks was changed every 3 days and a fresh cut made at the base of each culm. During the development of this technique several substances were added to the water in an attempt to improve the lasting qualities of the culms, including inorganic nutrients, sucrose, kinetin, and antibiotics, but none of these caused any significant improvement in seed set.
(c) Assimilation
At various times after anthesis the assimilation by the inflorescence was determined from the uptake of labelled carbon from an atmosphere of 14C0 2 • For this purpose the inflorescences were enclosed in a Perspex box in which 14C0 2 was generated from 300 mg Ba 14 C0 3 by the addition of lactic acid to give an initial concentration of O· 12 volume % with 100 fLC of 14C. Assimilation in daylight (minimum 3000 f.c.) was allowed to proceed for 10 min, after which the box was flushed to remove excess labelled CO 2 and the inflorescences returned to normal conditions.
Assimilation by the stem and sheath was carried out in individual glass chambers. 14C0 2 was generated from 2 mg Ba 14 C0 3 to give an initial concentration of 0·51 volume % with 10 fLc of l4C. Assimilation in daylight was allowed to proceed for 20 min before returning the stems to normal conditions.
Where assimilation was carried out under low light, several layers of Sarlon shade cloth were used to reduce the intensity to one-tenth of normal daylight. The shades were set to cover the plants 48 hr prior to the commencement of 14C0 2 application, and held in position until the culms were harvested.
(d) Analysis
All plants were harvested and separated into parts as indicated 48 hr after the commencement of the l4C0 2 application. Each part was dried, weighed, and ground in a Wiley mill to pass a 40-mesh sieve. Aliquots of powder (30 mg) were then plated into planchets for the determination of l4C activity in the sample (O 'Brien and Wardlaw 1961) . With the limited assimilation periods given for the heads and stems, the incorporation of 14C0 2 was incomplete, and thus the total activity of 14C taken up by the assimilating organ was a measure of the rate of photosynthesis (Zalensky, Voznesensky, and Semikhatova 1958) .
III. RESULTS
(a) Pattern of Seed Development on Attached and Detached Oulms
The increase in dry weight of seeds (averaged from three positions over the length of the head) developing in inflorescences on both attached and detached culms is illustrated in Figure 1 . The growth curve for seeds developing on attached culms was sigmoid, with most of the weight increase between day 6 and day 24. By day 30, seeds appeared fully mature and there was no further gain in weight.
Detaching culms at anthesis caused a small reduction in the growth rate of seeds during the first 18 days of development. But this difference was significant (P>0'05) only at the day 6 harvest. The most obvious effect of detaching occurred after 18 days when there was a sudden decline in growth rate and a premature maturation of seed at approximately day 24. The final weight of seeds was 20% lower than that of the attached controls. The number of seeds set per head was also significantly reduced by detaching. Unlike the effect on final seed weight which was independent of the position in the inflorescence, seed set was least affected at the apex with 74% seed set and most affected at the base where only 49% of the florets set seed. By comparison, values for the seed set of attached culms were 93 and 91 %, respectively.
(b) Relationship between Seed Set and Seed Weight
By manipulating the amount of pollen reaching the florets on an inflorescence, it is possible to control the number of viable seeds set in that inflorescence. This technique was used to control the pollination of inflorescences on a random set of plants in the field. The actual range in percentage seed set achieved varied from 11 to 96%. The correlation between seed set and seed weight, corrected for seed weight differences between plants, was very low (r = -0·01), indicating that the weight of an individual seed was not influenced by the presence or absence of seeds developing in the adjacent florets. 
(c) Seed Production on Detached Culms
(i) Time of Detaching.-Viable seed was produced in the inflorescences of culms detached at any time during the period from anthesis to seed maturity. However, the earlier the culm was detached from the plant, the greater the reduction in the amount and quality of the seed set. This can be seen in Table 1 , where values are given for seed set, seed weight, and seedling weight from culms detached at 6-day intervals from anthesis. These results indicate that detaching culms during the last 6 days of development had no significant effect on the number of seeds produced or on the performance of the seedlings derived from it. There was, however, a small but significant effect on seed weight (P>0·05). Detaching during the first 18 days, and particularly during the first 6 days, caused a significant reduction in both the quantity and quality of the seed produced. Detaching 6 days after pollination, for example, caused a 35% reduction in seed set, a 17% reduction in seed weight, and a significant reduction in the vigour of seedlings grown from this seed.
(ii) Role of Inflorescence, Stem, and Leaves.-The ability of flowering culms to produce viable seed when detached at anthesis indicates that the developing seed obtains the necessary substrate either from active assimilation by the various organs of the culm, or from stored products in the tissues of the culm, or both. To investigate Removing some or all of the leaf blades had no significant effect on either seed set or seed weight. This is perhaps surprising as, although they are the first organs to senesce on detached culms, they usually remain green for at least 10 days after detaching. Shortening the stem, however, by removing entire internodes which also included removing the leaf sheath and the blade, caused a reduction in seed set and seed weight. It also resulted in the more rapid senescence of the remaining parts of the culm. This factor, rather than the immediate loss of assimilating surfaces, probably accounted for most of the reduction in seed weight. The shading treatments also drastically reduced seed set, and shading the inflorescence had a much greater effect than shading the stem. Complete shading of the entire stem and inflorescence caused a breakdown of chlorophyll and no seed developed. Table 3 . For ease of comparison, all the values of activity in the table have been adjusted for a relative value of 100 in the assimilating organ.
Carbon assimilated by the inflorescence was utilized almost exclusively in the inflorescence itself throughout the major part of the seed-development period. Ten days after anthesis, under the conditions of the experiment, assimilates from the exposed stem of the second internode and the parts of the culm above this moved almost exclusively to the inflorescence, while the parts below were of relatively little importance in this respect. Twenty-two days after anthesis, the flag leaf sheath showed a significant increase in the proportion of assimilates moving down the stem towards the roots.
(ii) Photosynthesis as Affected by Detaching Culms.~Table 4 shows the effect of detaching the culm at anthesis on the photosynthetic activity (total 14C activity) of the head 10, 14, and 22 days later, and on the photosynthetic activity of the top internode also after 22 days. Photosynthesis was not reduced by detaching up to 14 days after anthesis, but there was a large but non-significant reduction in level of uptake of 14C0 2 by both the head and stem of detached culms 22 days after anthesis. At this later stage, there were obvious signs of senescence of the glumes surrounding infertile florets on detached inflorescences. Following the assimilation of 14C0 2 these senescent glumes on detached culms had a specific activity of 227 ±22 counts/min/30 mg, while the glumes subtending well-developed seed had a much higher specific activity of 988±85 counts/min/30 mg.
The leaf sheaths on detached culms were also completely senescent 22 days after anthesis and were thus no longer capable of supplying assimilates to the seed. It is shown in Table 3 that the flag leaf sheath of intact plants, at this stage, although directing more assimilates to the roots, was still active in supplying the inflorescence.
Although photosynthesis by the inflorescence 22 days after anthesis was not correlated with percentage seed set (r = 0·15), photosynthesis by the top internode did show a correlation (r = 0'73) (Fig. 2) . This implies that the rate of photosynthesis of the stem is regulated by the inflorescence, since seed set was deliberately controlled in this experiment. . . level of activity of the glumes and the activity of the grains they subtend is shown in Table 5 . The retention of assimilates by the glumes was also significantly grea1,er under conditions of low light intensity. The proportion of assimilated carbon moving from the top internode to the inflorescence 22 days after anthesis was the same in both attached and detached culms (84·3 and 84·8%, respectively), although, as shown previously, the total assimilated by the top internode of detached culms was less (Table 4 ). The movement of labelled carbon out of the top internode to the inflorescence in both attached and detached culms was also correlated with the percentage seed set (r = 0·84), as shown in Figure 3 .
(iv) Function of Empty Glumes.-In all inflorescences a certain proportion of the florets fail to set seed, particularly in detached cuims, and it is possible that the glumes 'surrounding these florets may provide a source of assimilates that can be utilized by the developing seed in adjacent spikelets. However, the lack of correlation between seed set and seed weight, as reported earlier in this paper [Section III(b) suggested that such a relationship is unlikely to be apparent under optimal growing conditions. Therefore, to test this hypothesis, inflorescences on attached and detached culms, in which pollination was controlled to give a range in seed set from approximately 30 to 70%, were allowed to assimilate 14C0 2 14 days after anthesis under light-limiting conditions. ' If redistribution occurred, the level of labelled carbon per 100 seeds should be inversely correlated with the percentage seed set. The results showed no evidence for such a relationship (r = 0·02). In addition, it was observed that the glumes subtending abortive florets had a consistently lower specific activity than glumes subtending sound florets, independent of the light treatment, which suggested a reduction in the photosynthetic efficiency of the empty glumes.
IV. DISCUSSION
The development of seed in Phalaris, from the time of anthesis (fertilization) through to maturity, occupied a period of approximately 30 days. Labelling experiments with 14C0 2 indicated that assimilates produced from photosynthesis in the inflorescence and the upper part of the culm were utilized almost exclusively in the inflorescence, whereas those produced by the lower parts of the culm moved in the direction of the roots. This overall pattern of distribution is very similar to that obtained by other workers for the cereals; barley (Buttrose and May 1959) , rice (Fujiwara and Suzuki 1957) , and wheat (Shen, Shen, and Yin 1959) . Also a similar pattern has been described in quantitative terms for Phleum pratense (Williams 1964) . Shading experiments indicated that, as with barley (Archbold and Datta 1944) , the utilization of stored carbohydrate was of little or no significance in seed formation.
The pattern of seed development suggets that premature harvesting of Phalaris and drying in windrows, a common practice used to overcome seed shattering, should not be carried out earlier than about 24 days after anthesis if detrimental effects on seed set and weight are to be avoided. This was confirmed by the results of detaching experiments which indicated that earlier harvesting or shading can be expected to result in a reduction in the quantity and quality of the seed produced.
The relatively high number of seeds produced on detached culms suggests that the culm can' be virtually autonomous with respect to the supply of assimilates and nutrients to the developing seed. This has been shown for the supply of nitrogen to the wheat ear (Neales, Anderson, and Wardlaw 1963) . Also, it is clear from the experiments with 14C that parts of the detached culm maintained their full photosynthetic ability for at least 2 weeks following detaching, a fact which Gabrielsen . (1942) assumed when studying the photosynthesis of detached ears of wheat. Later, senescence in detached culms became evident and was more pronounced the shorter the length of stem. Concurrent with this was a drop in the photosynthetic ability of all parts of the culm.
Although these results suggest that seed development was limited by a reduction in the supply of carbohydrate, this may not be the case. There appears to be a regulating mechanism in the rate of photosynthesis of the stem, related to the number of seeds in the inflorescence. A similar effect of sink size on photosynthesis has been demonstrated by Kursanov (1934) for pea fruits, Nelson (1962) for Pinus seedlings, Humphries and Thorne (1962) for bean leaves when rooting, and by Burt (1964) for potato plants producing tubers. Despite this ability of culms to vary the volume of assimilates moving to the inflorescence, the seed weight from detached culms was consistently lower than from attached culms. This may be due to some other effect of detaching not necessarily related to earlier senescence, or limitations in the supply of carbohydrates.
The results indicated that the glumes and seeds of different spikelets were not interrelated in the supply and utilization of assimilates, a similar conclusion to that reached by Buttrose (1958) for the barley ear. Also the glumes retained a greater proportion of their photosynthetic assimilates under low light conditions which is in agreement with the evidence presented by Shen (1960) for rice, and by Hartt, Kortschak, and Burr (1964) for sugar-cane where shading considerably reduced the export of assimilates from the leaves.
The ability of detached culms to mature viable seeds suggests a valuable role for this technique in grass-breeding programmes, provided a reduction in early seedling vigour can be tolerated. Self-incompatibility is a feature of many perennial grasses, and by isolating inflorescences and permitting them to cross-pollinate, seed of the desirable cross can be obtained. The use of inflorescences detached just prior to anthesis for this purpose could substantially reduce the space and time required, and enable a greater number of crosses to be attempted.
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